Introduction
The Tohoku earthquake of 11 March 2011 generated waves in the whole atmosphere detected worldwide by a large variety of ground-based sensors. These waves have their origin in the continuity of vertical displacements at the Earth surface and propagate toward the upper atmospheric layers. When they reach the ionosphere, they produce changes in the distribution of ions and electrons. Close to the earthquake epicenter, ionospheric perturbations were observed by ionosondes [Maruyama et al., 2011] , SuperDARN radar [Nishitani et al., 2011; Ogawa et al., 2012] but mainly by Global Positioning System (GPS) receivers of the dense Japanese GPS Earth Observation Network (GEONET). This network, covering densely the Japanese archipelago, allowed the detection of acoustic waves with a large spatial resolution [Rolland et al., 2011a; Astafyeva et al., 2011; Liu et al., 2011; Galvan et al., 2012; Kakinami et al., 2013] . Atmospheric gravity waves were also detected with GPS receivers, either generated by the initial sea level uplift or by the propagating tsunami Astafyeva et al., 2013; Kherani et al., 2012] . These gravity waves in the neutral atmosphere were also detected from space by the Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) satellite, because of its particularly low orbiting altitude of 250 km [Garcia et al., 2014] . As the tsunami crossed the Pacific ocean the gravity waves were detected in the ionosphere offshore Hawaii using GPS receivers. In addition, it was possible for the first time to image the tsunami ionospheric imprint with an all-sky imager of the red line airglow emission . The position of DART #21413 is indicated by a yellow diamond. The trajectories of the satellites are indicated by orange lines starting with an yellow square indicating the position of the satellites at the beginning of the occultation: GPS is Southwest of Australia and COSMIC at the East of Japan. A model of the tsunami wave amplitude in the ocean is represented in blue-cyan color. The part of the ionosphere observed during the occultation is indicated in shades of red that correspond to the altitude above the sea level along the rays between the two satellites. The overlying red line in its center indicates the position of the impact parameter used to define the altitude of each sounding ray. signal can be modeled with better than 20% accuracy with normal mode summations techniques. This observation might pave the way for space based improvement of the global tsunami warning systems, by enabling space based global observations in the open ocean.
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Radio Occultation Observation
An ionospheric occultation occurs when a LEO satellite receives a GPS satellite signal, after it has crossed the Earth atmosphere at altitudes lower than the LEO orbit, i.e., through layers of the atmosphere that are below both satellites. Geometrically, this happens when an antenna facing down on the LEO satellite receives the signal from a GPS satellite located on the opposite side of the Earth, as shown in Figure 1 . Satellites of the Constellation Observing System for Meteorology Ionosphere and Climate (COSMIC) are on orbits with an inclination of 72 • at 800 km altitude [Anthes et al., 2008] . This altitude is much higher than the peak of the ionosphere electron density, approximately 350 km; therefore, the whole ionosphere is sounded during an occultation event. An occultation event can be setting or rising, if the LEO observes the GPS while it is setting at its horizon or rising above it. Since the LEO period is about 100 min, an occultation lasts about 10 min. The section of the ionosphere sounded at an altitude lower than the LEO becomes larger as the GPS satellites is seen at lower elevation angle. In the equatorial region, two successive occultations between the same satellites occur at about 3000 km of distance, while during the corresponding 100 min time a tsunami propagates only about 1111 km in a 3.5 km depth ocean. This enables even a single LEO satellite to scan efficiently the oceans at a speed twice faster than the tsunami propagation speed.
Occultation rays between the GPS and the LEO are weakly sensitive to the variation of the speed of light inside the ionosphere and can be assumed as straight lines between the two satellites. The nearest point to the Earth center of each ray is defined as its impact parameter [Schreiner et al., 1999] . When the GPS satellite observed from the LEO is at an elevation angle of 0 • the impact parameter coincide with the LEO position, and when the elevation angle is negative, the impact parameter is below the LEO altitude. The deeper the impact parameter, the further it is from the LEO satellite. Impact parameters at an altitude of 200 km are 3000 km away from LEO satellites, and the total length of the occultation ray is more than 6000 km in the atmosphere layers below the LEO. In Figure 1 the impact parameters are shown as a red line at the center of the red-shaded area indicating the region of the atmosphere sounded during the occultation. By receiving GPS signals at the two carrier frequencies L1 and L2, it is possible to measure the dispersion of radio signals due to their interaction with the free electrons in the ionosphere. This dispersion is proportional to the total number of free electrons along the signal raypath: the Total Electron Content (TEC) between the GPS and LEO satellites. During a setting occultation, TEC starts at a low value of about 10-20 total electron content unit (TECU, 1 TECU= 10 16 m −2 ) that corresponds to the TEC in the upper part of the ionosphere and plasmasphere at altitude higher than the LEO. It then increases while the impact parameters lowers at altitudes near and below the maximum electron density of the ionosphere, reaching values as high as 100 to 600 TECU. It then decreases to about half of its maximum value before the end of the occultation (Figure 2 , top). The reverse is observed during a rising occultation.
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From this general characteristics of TEC during occultations it appears clear that the effects of traveling ionospheric disturbances (TID), usually of the order of 0.1 to 1 TECU when observed using ground-based GPS receivers, are extremely small compared to the TEC between two satellites in occultation. Nevertheless, the sensitivity of the GPS phase measurements allows to detect variations with amplitudes of the order of 10 −3 -10 −4 of the diurnal TEC variation [Afraimovich et al., 2001] , thus allowing to identify such small amplitudes. In addition, an occultation event scans the ionosphere through nearly horizontal slices, making it suitable to detect gravity waves that have a large horizontal wavelength. If the link between the LEO and the GPS is nearly parallel to the wave fronts, the amplitude observed through occultation could be large enough to be detected.
Ionospheric occultation data are available at 1 s sampling as level 1.b podTEC files in the University Corporation for Atmospheric Research (UCAR)/COSMIC database. For this study we analyzed only the TEC data recorded when the satellites were in occultation, considering the geographical position and altitude of the impact parameter, in order to select occultations crossing areas near the tsunami. Since the altitude of the impact parameter is the minimum height of each raypath LEO-GPS, it is expected to find a gravity wave signal on data having an impact parameter lower than 300 km, and usually below the maximum value of occultation TEC. To understand whether a TEC signal generated by the tsunami, of a magnitude that is generally lower than 1 TECU, can be recognized in the occultation data, we used separately the data from the 10 to 13 March 2011 to make statistical analyses of the TEC noise during occultation events. First, the TEC values recorded during the occultation were filtered with a band pass filter between 50 mHz and 0.1 Hz, which allows identification of vertical wavelengths between about 5 km and 50 km in the lowermost part of the occultation. At lower frequencies, the filter is affected by the peak or the TEC signal, which corresponds to the crossing of the region of maximum ionization. The temporal filtering was preferred to spatial filtering, as the acquisitions are made with a constant sampling time, that does not correspond to a constant distance in altitude of the impact parameter, which moves faster the more it approaches the Earth's surface. Filtered TEC usually reveal some oscillations, a signature of plasma fluctuations and irregularities within the occultation area. The envelope of the filtered TEC was used to statistically analyze the TEC noise of 24 h of occultations. At each altitude the TEC amplitudes were used to calculate the percentiles 50, 75, 90, and 95%, represented as background in Figure 2 , and provided for each day as supporting information Figures S1 to S4. We observed that during all days more than 50% of occultations have a TEC noise below 0.05 TECU at any altitude, despite of the fact that it was a geomagnetic active period. The highest percentiles show a variation in altitude that recalls the shape of an electron density profile with two maxima: around 100 km and 300 km. A rather pronounced minimum is found around 150 km. But each occultation may individually have different vertical variations, sometimes with maxima for impact parameters above 600 km.
Gravity Wave Detected Near the Tsunami
We studied the occultation data of the COSMIC satellites occurring in the vicinity of the tsunami wave front during its propagation through the Pacific Ocean. For 11 March 2011, data are available for three COSMIC satellites for a total of 1072 occultations. Filtered TEC from the occultations that occurred over the Pacific Ocean on 11 March 2011 were analyzed by comparing them with the statistical noise. In the early hours of propagation, the tsunami wave front covered a relatively small area of the ocean and the impact parameters of the few occultations that occurred in this region did do not pass through it. An occultation with a very favorable viewing geometry, parallel to the wave front of the tsunami in the south-north direction, occurred from 08:29 to 08:38 UT between the COSMIC satellite 001 and GPS 21, with the impact parameter being always above the tsunami in the region southeast from Japan (Figure 1 ). This is a case of occultation where the two satellites are almost orbiting on the same plane: the impact parameter path covers a narrow region in longitude and latitude. We filtered the TEC with a band pass filter between 50 mHz and 0.1 Hz. The maximum amplitude of this signal exceeds 1 TECU when the impact parameter is at 200 km height, an amplitude 2 times larger than the 95% noise level in this frequency band for altitudes between 100 and 300 km (Figure 2 ). For this occultation, a decrease of amplitude around 150 km is not observed, unlike the majority of the occultations. These characteristics are an indication of a signal of origin outside the ionosphere, consistent with the characteristics of the gravity wave excited by the tsunami. Figure 1 ) after the Tohoku-Oki earthquake, modeled using a 3-D model [Bletery et al., 2014] and using a 1-D model (this study). All time series are filtered from 0.2 to 2 mHz. Note the ∼ 25 min delay between the 1-D model and the DART data, while the 3-D model shows a good agreement. (right column) Corresponding spectrograms.
Normal Modes Modeling of the TEC Occultation Signals
Direct modeling allows to understand the coupling mechanism from the ocean to the upper atmosphere. Since the first model that described the propagation of gravity waves in the atmosphere [Pitteway and Hines, 1963] , it has been clear that the decrease of the atmosphere density and the consequent increase of wave amplitude, made the upper atmosphere a good medium where to detect the propagation of gravity wave. After the 2004 Sumatra tsunami, models that propagated the ocean surface motion up to the ionosphere allowed to validate ionospheric observation from altimetry satellites Mai and Kiang, 2009] and to understand the effect of the geomagnetic field on the coupling strength between the moving neutral atmosphere and the charged particles [Occhipinti et al., 2008] . A spectral full-wave model of the gravity waves excited by a tsunami [Hickey et al., 2009] allowed to predict the airglow signature [Hickey et al., 2010] that was later observed for the first time during this Tohoku event .
The modeling of tsunamis through one dimensional (1-D) normal mode summation is a fast and efficient technique [Ward, 1980; Okal, 1982] . As opposed to the above techniques, it requires only the earthquake source model and enables the modeling of the propagation in all parts of the Earth, taking therefore not only [Liu et al., 2006] . the influence of the solid Earth on the tsunami propagation [Watada et al., 2014] but also its interaction and further propagation in the atmosphere. It is, however, unable to model the effects of bathymetry changes and therefore the precise arrival time of the tsunami at any location. Point source dislocation models strongly overestimate the amplitude of the tsunami, as they do not model the interferences of the tsunami at the source. A better model of the source is therefore necessary. Here we used the updated United States Geological Survey (USGS) finite fault model [Hayes, 2011] . It provided a good estimation of the tsunami amplitude and wave form, as shown by Figure 3 .
We modeled the tsunami ionospheric signal by computing the tsunami-coupled gravity normal modes of the Earth/Ocean/atmosphere system, following the theory developed by Lognonné et al. [1998] . This modeling approach, including the coupling with the ionosphere, is described in detail by Rolland et al. [2011b] for Rayleigh waves and it is used here for the first time for tsunami-induced gravity waves of the Earth-Ocean-Atmosphere system.
We started from the Preliminary Reference Earth Model (PREM) [Dziewonski and Anderson, 1981] overlaid by the ocean. An ocean depth of 3.5 km was used to represent the average depth in the region below the occultation impact parameter. On top of the ocean, the atmosphere physical parameters were modeled using the Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar (NRLMSISE-00) [Picone et al., 2002] atmosphere model. The effects of atmospheric viscosity were included following Artru et al. [2001] . The vertical profiles of atmospheric parameters (density, temperature, sound speed, and viscosity) were computed at the time and location of the Tohoku event.
To assess the overall model, we compared in Figure 3 the tsunami amplitude derived from the 1-D tsunami-coupled normal modes summation at that position with the sea level anomaly measured by the pressure sensor connected to the Deep-ocean Assessment and Reporting of Tsunamis (DART) buoy #21413.
As for the oceanic tsunami, the 1-D approach, based on a spherically symmetric structure, does not take into account the large variation in bathymetry which leads to large variations of the tsunami arrival time and local amplitude. We obtained a difference of about 25 min in arrival time but an amplitude and waveform very similar to the one observed at the DART buoy #21413, that was located in the direction of the main directional lobe of the tsunami. The time discrepancy has been corrected for the ionospheric modeling by shifting the synthetics to maximize their cross correlation with experimental occultation data. This approach enables, however, a very accurate modeling of the coupling effects between the ocean and the atmosphere, and of the neutral velocity 3-D vector of the tsunami-coupled gravity wave at ionospheric height. A cross section of the total displacement of the air parcels at ionospheric height along with the ocean wave is shown in Figure 4 and an animation is provided in the supporting information (Movie S1). The velocity of the neutral 10.1002/2014EA000054 atmosphere is then converted in electron (or ion) velocity, using Hooke [1970] approximation, which finally provide a plasma wind parallel to the magnetic field and equal to the projection of the neutral wind on the magnetic field direction, v i = (u.1 b )1 b , where u and 1 b are the neutral velocity vector and the magnetic field unit vector respectively. The 3-D time varying electron density field is then computed from the conservation of electrons equation, assuming therefore marginal ionization or recombination processes associated with the tsunami perturbation. The electron density perturbation was computed on a grid covering from 22 • to 30 • in latitude, 149 • to 157 • in longitude, and 100 km to 400 km in altitude. This enables the last modeling step, in which the TEC is computed by integrating the electron density perturbation between the locations of the GPS and COSMIC satellites, for all recorded times.
A filtering of the raw TEC data is required in order to isolate the tsunami signal. Filtering the TEC data in the time domain at a given frequency f can be considered as roughly equivalent to an horizontal filtering with wavelength H = V C ∕f and a vertical filtering with wavelength r = V C (r C − r s )∕(fr s ), where V C is the orbital velocity of the COSMIC satellite (7.45 km/s), r C is the radius of the COSMIC orbit, and r s the radius of the sounded tsunami-driven ionospheric perturbation. Most of the filtering leads therefore into horizontal filtering, as (r C − r s )∕r s = 0.083 for a sounding altitude of 250 km and an orbit height of 800 km. The velocity of the satellite and the tsunami are, respectively, √ g(r C )r C and √ g(a)H, where g(r) is the Earth gravity at radius r, H the ocean depth, and a the mean radius of the Earth. The TEC signal frequency f is therefore equivalent to tsunami frequency f tsu = f √ Hr C a 2 ∼ 0.025f . Figure 5 shows the comparison between observed and modeled TEC for two different bandwidths: the first is for bandwidth 0.05 Hz-1 Hz, while the second is for 0.05 Hz-0.07 Hz, which correspond therefore to tsunami frequency bandwidth of 1.25 mHz-25 mHz and 1.25 mHz-1.75 mHz. The second is in the typical bandwidth in which ground-based GPS observations have been already reported (e.g., Rolland et al. [2011b] used a bandwidth of 1-2 mHz and obtained a signature peaking at ∼ 1.5 mHz for three events of different sizes). In this second bandwidth, we note a good agreement in waveform and amplitude. The highest correlation of 0.8 is obtained for a 17.12 s time delay, meaning that the radio occultation data are slightly ahead from the synthetics. We attribute this excellent overall agreement to the large extent of the sounded gravity wave. This acts averaging the tsunami response, well reproduced by a 1-D Earth/Ocean/Atmosphere model with 3.5 km water depth and the extended USGS finite-fault model as excitation source. We expect that taking into account the lateral variations of the bathymetry will allow extending this agreement over a larger bandwidth.
The occultation is simulated from bottom to top, and we note some amplitude discrepancies at the beginning of the occultation, which can be explained by an overestimation of the attenuation (or underestimation of Earth and Space Science 10.1002/2014EA000054 the TEC) at altitude much higher than the altitude of the maximum of the tsunami-induced atmospheric perturbation, which is about 250 km.
Conclusions
The first experimental radio occultation observation of a gravity wave excited by a tsunami has been possible during the 11 March 2011 Tohoku event. Due to the small amplitude of the gravity wave signal compared to the TEC between the two occulting satellites, we used a tsunami-coupled normal modes model applied to the Earth with ocean and a realistic atmosphere, including the effects of viscosity in the upper atmosphere. Model results show a good agreement both in period and amplitude with the experimental observations, and amplitudes about 10 times larger than those of the median (i.e., 50%) traveling ionospheric disturbances. This result demonstrates that it is possible to use satellite radio occultation measurements to detect tsunami-induced perturbations of the ionosphere.
Additional observations are still needed to confirm that even in the case of smaller events the ionospheric signature of the induced gravity wave can be discriminate from the ambient noise. The number of satellites in orbit allowing continuous radio occultation observation is still very limited and does not allow a continuous global coverage. Nevertheless, it can be foreseen that future constellations of radio occultation satellites, taking advantage of the multiple GNSS constellations, or cheaper constellations of dedicated nanosatellites could be able to detect the ionospheric signature of moderate to large tsunamis and therefore be a valuable support for tsunami monitoring and warning systems.
Erratum
In the originally published version of this article, the supporting figure files were in an incorrect format. The files have since been corrected, and this version may be considered the authoritative version of record.
